Abstract This study represents the first quantitative survey of the fish fauna of the highly eutrophic Vasse and Wonnerup estuaries, part of the Ramsar-listed Vasse-Wonnerup Wetland System in south-western Australia. Sampling at five sites in each of these estuaries occurred in January 2012 (austral summer) to provide a species inventory and determine whether the number of species, total density and fish community composition differed between the two water bodies. A total of 18,148 fish were recorded, representing six species across four families. Three species that can complete their life cycle within estuaries, i.e. the atherinids Lepthatherina wallacei and Atherinosoma elongata and the gobiid Pseudogobius olorum, dominated the fish fauna, accounting for [99% of all fish collected. No significant inter-estuary differences were observed in the mean number of species, mean total density or fish community composition. Although the fish community was depauperate in terms of the number of species, total density was high, reflecting the presence of permanent and seasonal barriers to the immigration of marine species into these estuaries and the highly productive nature of this system, respectively. Two introduced freshwater species, i.e. the Eastern Gambusia Gambusia holbrooki and the Goldfish, Carassius auratus, were recorded in the Vasse Estuary. As C. auratus was found in mesohaline conditions, individuals may be able to use the estuary as a 'saltbridge' to gain access to other tributaries and/or the Wonnerup Estuary, and thus expand their distribution. These findings are of concern given the potential deleterious biological and ecological effects of these alien species.
Introduction
It is widely recognised that, despite their many valuable ecosystem services (Costanza et al. 1997; Creighton et al. 2015; Sheaves et al. 2015) , temperate estuaries are the most degraded of all aquatic ecosystems (Jackson et al. 2001) . Microtidal systems, i.e. those with a tidal range \2 m, located in Mediterranean climate regions are particularly susceptible to degradation, due to their limited tidal water movement, highly seasonal rainfall and, in some cases, ephemeral connection to the ocean (Potter et al. 2010; Tweedley et al. 2016) . These characteristics increase the residency time of water in the estuary and facilitate the trapping of fine sediments and contaminants (Patchineelam et al. 1999; Tweedley et al. 2016) . Given the 'natural susceptibility' of microtidal estuaries, such as those in south-western Australia, to environmental degradation and the effects on these systems of increased urbanisation and eutrophication, it is unsurprising that the environmental health of some of these systems has been shown to have declined since the 1980s Tweedley et al. 2012 Tweedley et al. , 2014 .
One such system in south-western Australia that has experienced a suite of deleterious anthropogenic impacts is the Vasse-Wonnerup; a shallow, intermittently-open, nutrient-enriched system located near the town of Busselton, Western Australia (Brearley 2005; Commonwealth of Australia 2002) . The system is comprised of the Vasse and Wonnerup estuaries and provides habitat, at any one time of the year, for over 37,500 water birds comprising *90 species, a function that is recognised by its designation as a Wetland of International Importance under the Ramsar Convention in 1990 (Lane et al. 2007) . Although the importance of the Vasse-Wonnerup is well recognised, the system and surrounding land have been subjected to extensive anthropogenic modification. For example, much of the catchment has been cleared, primarily for cattle grazing; extensive drainage networks have been constructed; several rivers that used to flow into the system have been diverted to the sea and permanent surge barriers have been installed at the junction between each of the estuaries and Wonnerup Inlet to prevent seawater intrusion (Lane et al. 1997 ; Fig. 1 ). Moreover, the large amounts of fertilizer applied to agricultural land, combined with animal waste discharged from pastures into the estuaries, have resulted in the Vasse-Wonnerup becoming ''the most grossly enriched major wetland system known in Western Australia' ' (McAlpine et al. 1989) . Without management intervention nutrient loads are expected to increase further over the next 20 years due to increased urbanisation and more intensive agriculture (Department of Water 2010).
These anthropogenic pressures have had numerous impacts on the ecological health of the system. Fish kills, in particular, occur regularly in the Vasse-Wonnerup, with reports of such events dating back to 1905 and at least nine kills have occurred between 1984 and 2013 (Hart 2014) . Anoxia, high water temperatures and hypersalinity, macroalgal blooms and/or toxic phytoplankton have all been considered the causes of these events (Lane et al. 1997; Hart 2014) . However, despite the frequency of fish kills and the importance of this system to recreational and commercial fishers (Elscot 2000) , no quantitative survey of the fish fauna of this estuary has been conducted. Such a study is fundamental to understanding the ecological functioning of this system, particularly as fish constitute a substantial component of the diet of at least 24 bird species found in the Vasse-Wonnerup (Wetland Research and Management 2007) . Moreover, a population of the highly invasive Goldfish (Carassius auratus) is known to reside in the Lower Vasse River, which flows into the Vasse Estuary (Morgan and Beatty 2007; Beatty et al. 2017) , thus posing a further potential threat to the ecology of this system.
Given the range of natural and anthropogenic pressures that threaten this internationally important system, the collection of the first quantitative data on the fish fauna would also allow the development of ecologically relevant tools for monitoring the future health of the system (Harrison and Whitfield 2004; Hallett et al. 2012; Tweedley et al. 2017) . Such tools could help to provide a rigorous assessment of the effectiveness of management actions (Hallett et al. 2016) , including recent efforts to reduce nutrient inputs (Department of Water 2010). The collection of these quantitative data would also help determine the level of threat posed by the population of invasive C. auratus in the Lower Vasse River.
The overall aim of this study was to conduct a baseline survey of the fish fauna of the Vasse and Wonnerup estuaries, the areas of the wetland system that are most important for the avian fauna (Lane et al. 1997) . Specifically, the objectives were to (1) provide a quantitative description of the fish communities of the Vasse and Wonnerup estuaries, (2) determine whether the number of species, density and composition of the fish faunas differed between the two estuaries and (3) determine whether C. auratus were present in either of the estuaries.
Materials and methods

Sampling regime
Five sites in the shallow waters of each of the Vasse and Wonnerup estuaries were sampled in January 2012 ( Fig. 1) . At that time, the bar at the mouth of Wonnerup Inlet, which is intermittently-open to the ocean, was open having been artificially breached on December 14, 2011 and two narrow chutes (40 cm in width) in the Vasse and Wonnerup surge barriers were opened periodically to allow the movement of fish into and out of the estuaries (Fig. 1c) . At each site, two samples of the fish fauna were collected using a seine net that was 21.5 m long and consisted of two 10 m long wings (6 m of 9 mm mesh and 4 m of 3 mm mesh) and a 1.5 m long bunt made of 3 mm mesh, fished to a depth of 1.5 m and swept an area of *116 m 2 . Upon capture, all fish were immediately euthanized in an ice slurry (Murdoch University Animal Ethics Permit R2450_11). The total number of individuals of each fish species in each sample was then recorded and the total length of each individual measured to the nearest 1 mm, except when a large number of any one species was caught, in which case the lengths of a representative subsample of 100 fish were measured. Each species was assigned to an estuarine usage guild, based on the results of numerous studies of the biology of fish species in south-western Australian estuaries (e.g. Potter and Hyndes 1999) . The ways in which fish use estuaries were considered to comprise four categories, i.e. marine, estuarine, diadromous and freshwater, with each containing multiple guilds (Potter et al. 2015a, b) .
Salinity, water temperature and dissolved oxygen concentration and saturation were measured in the middle of the water column at each site at the time of fish collection and on the same day immediately upstream of the Vasse surge barriers using a Yellow Springs Instrument 556 water quality meter.
Statistical analyses
Environmental conditions and univariate measures of diversity
One-way analysis of variance (ANOVA) was employed to determine whether any of a suite of physicochemical variables, i.e. salinity, water temperature and dissolved oxygen concentration and saturation, and biotic variables, i.e. number of species and total density, differed significantly between the Vasse and Wonnerup estuaries. Prior to undertaking ANOVA, the data for each of the five dependent variables were subjected to the Anderson-Darling and F test routines in Minitab 15 to ascertain the type of transformation, if any, required to meet the test assumptions of normality and equal variance among a priori groups. This showed that the data for each of the physico-chemical variables and the number of species required no transformation, but that total density required a square-root transformation. In all ANOVA tests the term Estuary (2 levels; Vasse and Wonnerup) was considered fixed and the null hypothesis of no significant differences between a priori groups was rejected if the significance level (p) was \0.05.
Multivariate analyses of fish faunal composition
The abundances of the various fish species recorded were dispersion-weighted to down-weight the effects of those species whose numbers exhibited erratic differences among replicate samples due to schooling (Clarke et al. 2006) , followed by a square-root transformation to down-weight the contributions of species with consistently high values (across replicates within a group) in relation to those with consistently low values (Veale et al. 2014 ). The two replicate samples from each site were averaged and the resultant pre-treated data used to construct a Bray-Curtis resemblance matrix which was, in turn, subjected to a one-way analysis of similarities (ANOSIM) test (Clarke and Green 1988) in PRIMER v7. This test was employed to determine whether the composition of the fish faunas of the two estuaries differed. The null hypothesis that there were no significant differences in fish faunal composition between a priori groups (i.e. the two estuaries) was rejected if the significance level (p) was \0.05. The extent of any such significant difference was determined by the magnitude of the test statistic (R), which typically ranges between *0, i.e. no group differences, to 1, i.e. the similarities between samples from different groups are always less than those between samples belonging to the same group. Non-metric Multidimensional Scaling (nMDS) ordination was then employed to display visually the ways in which the samples from each a priori group were distributed in low dimensional space according to their faunal compositions (Clarke 1993) .
Similarity percentages (SIMPER; Clarke et al. 2014a ) were used to identify those species that typified the fish fauna in each estuary and, if appropriate, those that were responsible for distinguishing between them. A shade plot was constructed from the dispersion-weighted, square-root transformed and averaged data and used to display the trends exhibited by the abundance of all fish species recorded. This shade plot is a simple visualisation of the frequency matrix, where a white space for a species demonstrates that that species was never collected, while the depth of shading from grey to black is linearly proportional to its abundance (Clarke et al. 2014b ). Species (y axis) were clustered based on their Bray-Curtis similarities and placed in optimum serial order, constrained by the cluster dendrogram (Clarke et al. 2014a) . Sites (x axis) were ordered based on their location in the two estuaries from most upstream to downstream, i.e. 1-5 in the Vasse Estuary and 10-6 in the Wonnerup Estuary (see Fig. 1 ).
Results
Environmental conditions
Salinities in January 2012 ranged from 17.1 to 19.4 in the Vasse Estuary and 14.2 to 17.3 in the Wonnerup Estuary. One-way ANOVA demonstrated that salinity differed significantly between estuaries (p = 0.005), with, on average, higher values being recorded in the Vasse (18.3 ± 0.44 SE) than the Wonnerup (15.7 ± 0.51 SE) Estuary (Table 1) . Water temperature ranged from 24 to 31°C across the ten sites, but did not differ significantly between the two estuaries (p = 0.678), being, on average, *28°C (Table 1) . Dissolved oxygen saturation was similar between estuaries (p = 0.520), exceeding 100% at nine of the ten sites, reaching[200% in both estuaries and as high as 257%, likely due to the large quantities of macroalgae present (Table 1 ; Fig. 1e, f) . However, concentrations were, on average, 11.92 (±0.66 SE) and 13.80 (±2.18 SE) mgL -1 in the Vasse and Wonnerup estuaries, respectively, and were found by one-way ANOVA not to differ significantly (p = 0.434).
Water physico-chemical conditions were also measured immediately upstream of the Vasse surge barrier (Fig. 1) . While water temperature there was similar to that recorded in the main body of the two estuaries (27.4°C), the salinity was substantially greater (35.7) and the dissolved oxygen concentration was far lower and hypoxic (1.5 mgL -1 ; 23% saturation).
Fish species ranking by abundance and life cycle contribution A total of 18,148 fish were caught in the nearshore waters of the Vasse and Wonnerup estuaries in January 2012. These fish comprised six species, representing four families. The Atherinidae and Gobiidae were the most speciose, each represented by two species, and together accounted for [99% of all fish collected (Table 2) . The atherinids Lepthatherina wallacei and Atherinosoma elongata, together with the gobiid Pseudogobius olorum, dominated the fish fauna of the Vasse Estuary, ranking first, second and third, respectively. All three species are capable of completing their lifecycle in estuaries. The same three species were also the most abundant in the Wonnerup Estuary, but differed in their rank order (Table 2) . Another goby species, Favonigobius lateralis, was found only in the Wonnerup Estuary, while the reverse was true for two introduced freshwater species, namely the Eastern Mosquitofish Gambusia holbrooki and the Goldfish Carassius auratus.
Mean number of species, density and faunal composition
There was no significant difference (p = 0.614) in the mean number of species between the Vasse (3.2) and Wonnerup estuaries (2.8; Fig. 2a) . Although the mean total density appeared to differ among estuaries, i.e. 1116 and 449 individuals 100 m -2 in the Vasse and Wonnerup estuaries, respectively, ANOVA did not detect a significant difference in density between the two estuaries (p = 0.482). Such a result reflects the large intersite variability in density (Fig. 2b) , which ranged between 13 and 3607 individuals 100 m -2 in the Vasse Estuary and between 9 and 1144 individuals 100 m -2 in the Wonnerup Estuary. The composition of the fish community was shown by one-way ANOSIM not to differ significantly between the Vasse and Wonnerup estuaries (p = 0.413; R = 0.008). This is shown on the associated nMDS ordination plot, where the points representing the sites sampled in the two estuaries do not form discrete groups (Fig. 3) . This reflects the fact that SIMPER identified the same three species as typifying the fish fauna of both the Vasse and Wonnerup estuaries, namely L. wallacei, A. elongata and P. olorum. This is illustrated on the shade plot, where at least one of these three species was found at each site and, at seven of the ten sites, all three species were recorded in moderate abundances (Fig. 4) . The shade plot also showed that the introduced species only occurred in the Vasse Estuary, with C. auratus being found at the two most upstream sites, while G. holbrooki was present at the most upstream site and also further downstream (Fig. 4) . The estuarine & marine gobiid F. lateralis was found only at the most downstream site in the Wonnerup Estuary. . Asterisk denotes that a species has been introduced which complete their entire lifecycle within estuaries, comprised over 99.8 and 99.9% of the total catches in the Vasse and Wonnerup estuaries, respectively. The prevalence of these species in estuaries, particularly those with a seasonal connection to the ocean, has been reported elsewhere in south-western Australia Valesini et al. 2009 ). The large abundances of these species in these systems, many of which undergo marked changes in salinity ), reflect the fact that these species are highly euryhaline (Hoeksema et al. 2006; Veale et al. 2014) . The ability to osmoregulate in a broad range of salinities is advantageous in the Vasse and Wonnerup estuaries as salinities can change from[90 in April to\1 in June (Lane et al. 2011) .
The total number of six fish species recorded during the present study is far lower than that recorded in the shallow, nearshore waters of the nearby permanently open Swan-Canning (61), Peel-Harvey (53) and Leschenault (43) estuaries (Valesini et al. 2014; Veale et al. 2014; Potter et al. 2016) . It is also less than the number of species found in estuaries on the south coast of Western Australia (i.e. Broke, Wilson and Irwin inlets; 11-20 species), which like the Vasse-Wonnerup, all maintain a seasonal connection to the ocean ). The relatively depauperate nature of the fish fauna of the Vasse and Wonnerup estuaries reflects the fact that the bar at the mouth of Wonnerup Inlet is only open to the ocean for part of the year, thus reducing the opportunity for marine species to penetrate the system (Strydom 2015; Tweedley et al. 2016) , and also the fact that, although this study was undertaken during a period when the bar at the mouth of Wonnerup Inlet was open, the movements of marine species into the estuaries are inhibited by the surge barriers (Fig. 1c) .
In contrast to the number of species, the total densities of fish were far higher in the Vasse and Wonnerup estuaries than in many of those systems mentioned above (Tweedley 2011) . It is thus relevant that, when comparing the fish faunas of five estuaries on the south coast of Western Australia, Hoeksema et al. (2009) noted that L. wallacei, A. elongata and P. olorum, the three most abundant species in the Vasse and Wonnerup estuaries, were far more abundant in the eutrophic Wellstead Estuary than in the oligotrophic Broke Inlet. These authors attributed the large differences in the abundances of these species to the dense stands of macrophytes that occur in the former system. It stands to reason, therefore, that the macrophytes and algae that proliferate in the Vasse and Wonnerup estuaries (Brearley 2005; Chambers et al. 2013 ; Fig. 1e , f) may play a similar role in supporting the large fish populations reported in the current study. For example, such areas are known to provide a preferred habitat and an abundance of prey for these fish species (Prince et al. 1982; Humphries et al. 1992; Humphries and Potter 1993) .
There was no significant difference between the fish faunas of the two estuaries. This result reflects the fact that (1) the faunas of both estuaries were dominated to a similar extent by the same three species, (2) the marked variability in the densities of fish recorded at the various sites within either estuary and (3) that the environments of both estuaries were broadly similar at the time of sampling. Although salinities were significantly higher in the Vasse (18.3) than Wonnerup (15.7) Estuary, these differences were not great enough to inhibit colonisation by the three dominant species, all of which are euryhaline (Hoeksema et al. 2006; Veale et al. 2014) . Furthermore, although three of the six species recorded were unique to a particular estuary, none of these species occurred in appreciable densities; for example, F. lateralis was only caught at a single site in the Wonnerup Estuary and constituted only five individuals.
Records of introduced species and their possible impacts
To date, 13 introduced species have been recorded in natural freshwater systems of south-western Australia (Morgan et al. 2004; Beatty and Morgan 2013) and two of these species, G. holbrooki and C. auratus, have been recorded in the lower reaches of the Vasse River (Morgan and Beatty 2007; Beatty et al. 2017) . This study has confirmed the presence of these species in the Vasse Estuary, and thus within the boundaries of the Ramsar listing. Such a finding is important as introduced fish have been identified by the Australian Federal Government as a key threat to the ecological character of the Vasse-Wonnerup Wetland System (Australian Government 2011). The poeciliid G. holbrooki, for example, is known to behave in a highly antagonistic manner to other small fishes, causing damage to their fins and even death (Schoenherr 1981; Rowe et al. 2007) , and to predate on the eggs and larvae of fish and amphibians (Ivantsoff and Aarn 1999; Pyke 2005) . As this species is highly tolerant of changes in salinity, water temperature, dissolved oxygen and turbidity (Cherry et al. 1976; Hubbs 2000) and is extremely abundant in disturbed habitats near urban areas (Lloyd et al. 1986) , it is likely to be able to survive in the Vasse Estuary despite the large seasonal changes in hydrology. Furthermore, by feeding on zooplankton such as Daphnia, which feed on phytoplankton, G. holbrooki may facilitate, if present in great enough densities, the development of algal blooms, which regularly occur in the system (Hurlbert et al. 1972; Ho et al. 2011) .
Of greater concern, however, was the collection of C. auratus from the Vasse Estuary. Individuals of this species have been caught frequently and in large numbers from the fresh waters of the lower Vasse River since 2003 (Morgan and Beatty 2007) , and an acoustic tracking study revealed C. auratus entered the uppermost (i.e. fresh) section of the Vasse Estuary, raising concern over the potential for further downstream colonisation (Beatty et al. 2017 ). This cyprinid is a benthic herbivore and through its vigorous feeding activities uproots and consumes vegetation, increases turbidity by resuspending sediments and releases nutrients into the water column (Richardson et al. 1995) . Furthermore, C. auratus may exacerbate the regular algal blooms that occur in this system, as the growth of cyanobacteria is stimulated by passage through the intestine of this species (Kolmakov and Gladyshev 2003) . From a biological perspective, C. auratus is a known vector for the introduction of parasites and diseases. For example, it is the likely source of the parasitic copepod Lernaea cyprinacea in Western Australia and responsible for the introduction, establishment and spread of Goldfish Ulcer Disease in Australia, which is caused by variants of the pathogenic bacterium Aeromonas salmonicida (Humphrey and Ashburner 1993; Marina et al. 2008) . Therefore, its establishment in other estuarine or riverine habitats of the Vasse-Wonnerup system is of great concern.
Although C. auratus have previously been recorded in estuaries elsewhere around the world (Maes et al. 1998; Martinho et al. 2007; Henderson and Bird 2010) , such records have been typically limited to the upper, oligohaline reaches of these systems and/or have coincided with periods of higher freshwater flows and flushing. The presence of C. auratus in the Vasse Estuary during the austral summer, albeit before the system becomes markedly hypersaline (Lane et al. 2011) , indicates that this species is capable of surviving in mesohaline environments. Carassius auratus, in the current study, were found in waters with a salinity of 19, which suggests that this population may have a greater tolerance to salinity than that found in populations elsewhere in the world. For example, Lawson and Alake (2011) found that, although individuals had a high level of acute tolerance to salinities between 1 and 5, none of the fish exposed to higher salinities (i.e. 6-10) remained alive after seven days and, in another study, juvenile C. auratus exposed to salinities of 10 died within 24 h (Jasim 1988) . Schofield et al. (2006) found that C. auratus was able to persist in salinities B10, but exhibited significant mortality at 15 and 20. The ability of C. auratus, in the current study, to survive for a protracted period of time in mesohaline salinities raises the concerning possibility that this species might use the estuary as a 'saltbridge' (Bringolf et al. 2005; Schofield et al. 2006; Brown et al. 2007 ) to access and expand its distribution into new tributaries, i.e. the Sabina and Abba rivers, and to the Wonnerup Estuary and Ludlow River through Malbup Creek, which connects the two estuaries during wet winters (Fig. 1) . It is relevant that such movements have been recorded in other freshwater fish species, such as Zander Stizostedion lucioperca, that have previously been considered stenohaline (Brown et al. 2001; .
Future research
This study represents the first quantitative survey of the fish fauna of the Vasse and Wonnerup estuaries, part of the internationally important Ramsar-listed Vasse-Wonnerup Wetland System, and will provide useful baseline information against which to assess future changes in faunal composition. However, further work is needed to build upon the preliminary findings of this study and to provide a more complete understanding of the ecology of the fish communities of this system. As environmental conditions, such as salinity, water temperature, dissolved oxygen concentration and the composition and abundance of macrophytes change markedly throughout the year (Lane et al. 2011; Tweedley et al. 2013) , future work should be undertaken on a seasonal basis, noting that not all areas of the estuaries will contain water at all times of the year. Second, this study focused only on the Vasse and Wonnerup estuaries and no attempt was made to survey other areas of the system, such as Wonnerup Inlet, the Deadwater and the Lower Vasse River Wetlands (Fig. 1) . These areas are of significant ecological interest. For example, the Deadwater is known to local fisherman as an important area for juveniles of marine species (Elscot 2000) and has, like the Vasse and Wonnerup estuaries, experienced high nutrient levels, poor water quality, toxic algal blooms and fish kills (Lane et al. 1997; Hart 2014) . Given the presence of C. auratus in the Vasse Estuary and their potential to use the estuary as a 'saltbridge', a laboratory study to determine the chronic and acute salinity tolerance of this population of C. auratus would be valuable, together with sampling of the other tributaries to determine if this invasive species has expanded its range into other water bodies connected to the Vasse Estuary.
